1 3 velocity and vapour pressure deficit being the most significant factors. Importantly, they found that air temperature is not a factor itself and can be omitted and this finding was supported by Playán et al. (2005) . In order to minimise WDEL, night sprinkler irrigation has long been practised in many areas of the world, as night wind speeds are generally lower and humidity is higher. For drip irrigation on the other hand, because of the small vertical distance between the emitter and the soil surface, the low droplet velocity and relatively large droplet sizes, losses from WDEL are minimal, meaning that overall losses will be from other causes.
The soil physics of the coupled transport of water, water vapour and heat in a soil are well understood for both isothermal and non-isothermal conditions, as are the mechanisms of evaporation. Soil water movement in unsaturated soils was initially studied under isothermal conditions based on Richards' 1931 equation (Deb et al. 2011 ). Early non-isothermal studies demonstrated that moisture movement in response to thermal gradients through an unsaturated soil occurs mainly in the vapour phase. Philip and De Vries (1957) subsequently developed a moisture migration model (PDV) within homogeneous soil temperature profiles to account for the effects of temperature gradients on moisture migration. Nearly 60 years later, the PDV model still remains the basis for most soil-atmosphere continuum modelling, although today's version of the that model has been modified through numerous studies such as those by Milly (1982 Milly ( , 1984 Milly ( , 1986 , Sophocleous (1979) , Braud et al. (1995) , Shurbaji et al. (1995) and Nassar and Horton (1997) .
Because of the complexity of the coupled water and heat transport in the unsaturated zone and the difficulties associated with field measurements, especially near the soil surface, numerical models are often used to analyse these processes (Deb et al. 2011) , along with modelling tools such as Hydrus (PC-Progress 2015) . However, there has been little focus on the dynamics which occur during the infiltration of irrigation water where the conditions are nonisothermal, vary by the time of day due to diurnal factors and also undergo quite rapid changes in the soil heat and moisture fluxes as the irrigation wetting front proceeds downwards through the soil. The result is that there is little evidence to date regarding the net effects of diurnal factors on drip irrigation, especially whether irrigating overnight or early morning, compared to in the afternoon, will result in higher water use efficiency, either during the irrigation period itself or over subsequent days.
A field experiment was undertaken to investigate the diurnal factors and to quantify any effects both during and after water application by drip irrigation. The findings were also applied to the case of drip irrigation of shallow-rooted crops such as salad vegetables.
Materials and methods

Location
The experimental site was located in a vineyard at Belgrave Park Pty Ltd (Bega, NSW, Australia), at latitude 36.41°S, longitude 149.86°E and an elevation of 150 m above sea level. The climate of the site, from a viticultural perspective, is classified as warm and moderately maritime, with a mean January temperature (MJT) of 20.6 °C (Bureau of Meteorology 2013b) and a summer-dominant rainfall pattern with an annual rainfall of 960 mm (Fig. 1) . The annual pan evaporation for the area is 1360 mm (Bureau of Meteorology 2013a), with the aridity classified as low.
The topology of the area has rolling to undulating low hills on granodiorite (Tulau 1997) . The soil comprised moderately deep, moderately well-drained leached yellow earth with:
A Horizon:
Sandy clay loam, 30 cm deep, with a pH of 6.5. B Horizon:
Decomposed granite, orange to light brown, structured light clay, with the clay content increasing with depth, partly dispersive and with a variable, acidic pH.
Experimental design: Part A
The objective of Part A of this experiment was to measure the effect of time of day on the volume of drip irrigation water that is needed to infiltrate and wet the soil (to various soil depths) and the main features of the design are shown in Fig. 2 . The experimental site comprised bare soil, in order to eliminate the effect of plant transpiration, but retained all other vineyard soil characteristics such as grapevine roots, other plant roots and worm channels. The experiment used a series (8) of above-ground 2.2 L/h low-pressure Toro Turbo Plus II drip emitters (Toro Australia Pty Ltd. 2003) spaced along a short section of vineyard row at between 2-and 3-m intervals, in order to prevent any interaction between the wetting zones. The water supply pressure was regulated to 180 kPa, which was well within the pressure compensation range of the emitters.
Each emitter had an 80 cm long Enviropro subsurface soil moisture and temperature probe (Measurement Engineering Australia 2013) buried vertically alongside, providing for measurements at eight soil depths (5, 15, 25, 35, 45, 55, 65 and 75 cm) . The probes were connected to a Plexus meshnetworking radio system, comprising 4 field stations and a hub (Measurement Engineering Australia 2015) which in turn transmitted the readings to a web-based Green Brain database. This provided both a visual interface to view real-time temperature and moisture data from each station, as well as the ability to export raw data to a CSV file. The Enviropro probes measured volumetric soil moisture content from 0 to 50% with an accuracy of ±2% and temperature from −10 to 60 °C with an accuracy of ±1 °C. The probes were preloaded with a calibration based on a standardised calibration media (fine sand) (Apcos Pty Ltd 2015) . Even though the values returned in other soil types would differ in accordance with the average particle size distribution in the soil, this was not a consideration for this experiment where all measurements were differential (A.M. compared to P.M.). The various temperatures (ambient, soil surface, irrigation water) and relative humidity were also recorded.
The system was set up with a data-logging interval of 5 min. All emitters and their associated probes (stations) were positioned within a total horizontal distance of 20 m in order to minimise any differences in soil characteristics or profile. There was also a small horizontal separation of 10 cm between the emitter and probe centrelines at each station in order to prevent any irrigation water running directly down the outside surface of the probes.
Since the hypothesis was that the volume of water required would depend on the time of the day that the irrigation took place, the experiment comprised two separate irrigation start times (factor levels) with each factor level applied to a random subset of 4 of the 8 stations. The respective irrigation start times were as follows: (a) Early morning, starting at 06:00 (Eastern Standard Time) . This is the period after the soil fluxes have stabilised overnight, but before the surface and shallow soil temperatures begin rising (Fig. 3 ). (b) Early afternoon, starting at 14:00. This is approximately the period of day where the soil surface temperature and shallow soil temperature gradients are highest, sometimes exceeding 6 °C/cm between the surface and 5 cm depth at this site.
The measurement was specifically of the volume of water needed to be applied for the wetting front during irrigation to reach 35 cm depth, at A.M. compared to P.M., The 35-cm depth limit was chosen because there is very little diurnal temperature fluctuation below that depth, for example just 1.1 °C at 35 cm and even less at greater depths (Fig. 4) . The irrigation was run for a fixed period (90 min), long enough to ensure that field capacity (FC) had been reached to at least 60 cm depth, but limiting the volume of water applied in order to prevent excessive percolation to greater depths.
If there was a difference in the volume of water needed, then that could be attributed to differences in the losses (of any type). In order to eliminate most of the uncontrolled variables (for example surface evaporation), the Part of the experiment was to also measure moisture content (at each station and depth) over the ensuing 72 h as redistribution and drying took place. To ensure consistency, the volume of irrigation water applied at each station during each run was kept constant at 3.3 L/station (equating to the 90-min timed application).
Vertical infiltration time as a measure of losses
The experiment measured any difference in the total water losses between A.M. and P.M. by measuring the amount of water needed to be applied to wet the soil to a depth of 35 cm. That is, if the losses were different, then the water volume would be different. Since the experiment was an investigation of diurnal effects only, there was no requirement to identify the sources of losses nor to apportion them. The application rate at each emitter was constant (2.2 L/h), so the volume of water applied was directly related to the elapsed time since start of irrigation.
Subsequent redistribution and drying
Part of the experiment was to compare the soil moisture content reached at various depths at the end of each irrigation run, A.M. and P.M. Then to investigate the decline in moisture content at each of those depths over the subsequent 72 h, as soil moisture distribution and drying took place. In order to achieve this, it was important that each station received the same amount of water during each irrigation in order to establish a consistent baseline. This was the purpose of having a timed 90-min irrigation, which applied 3.3 L of water at each station. At the end of each irrigation period, the soil moisture contents were at their peak, and over the ensuing 72 h period the moisture content at each station and soil depth continued to be measured at 30-min intervals.
Variations in the antecedent moisture content (before irrigation) would affect the peak moisture values reached at the end of the irrigation so, in order to eliminate this effect, (a) all measurements were of the additional soil moisture content (that is the current moisture content at any point in time, less the moisture content at the start of irrigation) and (b) each irrigation was only performed when the soil water content at 5 cm depth was in the range of 13-19% v/v.
Other variables
Other variables in the experiment included evaporation, sunlight intensity and cloud cover, ambient temperature, relative humidity, wind speed, rainfall, evaporation, plant transpiration and the temperature of the irrigation water. Of these, plant transpiration and the effect of rainfall were excluded through the experimental design.
(a) Soil characteristics Despite the experimental row being restricted to a horizontal distance of <25 m, the soil characteristics would still vary somewhat between stations (for example because of rocks, worm channels, plant roots and the like) and the effect of these variations was mitigated by the use of a paired design so that the A.M. and P.M. applications could be compared for each separate station. (b) Antecedent water content In a soil, plant available water (PAW) cycles between a lower point of permanent wilting point (WP) and upper point of FC. The soils undergo three stages of drying (Hillel 1980) with Stage 3 (being very dry soils) resulting in a much lower rate of evaporation from the surface. For this experi- Table 2 ). The irrigation raised the moisture level to FC or greater at each of these depths.
According to Jury and Letey (1979) , a large number of separate experimental studies of water transport in response to thermal gradients have shown that the movement is independent of water content over a wide range. This meant that the antecedent water content was not important to this experiment.
(c) Evaporation In this experiment, because of the short 90-min duration of irrigation, evaporation during irrigation itself could be ignored (especially as the soil surface temperature cooled rapidly to 35 °C or less at the drip area within 40 min of the start of irrigation). For example, the experimental site had an annual pan evaporation of 1360 mm. For a summer afternoon, compared to the same period in the morning, this equated to an order of 0.25-0.5-mm difference in evaporation during the irrigation period-or just 1-2% of the applied 3.3 L of water (being approximately 26 mm).
Experimental design: Part B
Part A of this experiment focussed on downward infiltration and the effect of diurnal factors on this. However, the effectiveness of drip irrigation in a field situation is three dimensional-including both downward (vertical) and horizontal (lateral) wetting. Thus, the size and shape of the wetted profile under each emitter are an important factor and this was investigated as Part B of the experiment, by measuring the horizontal expansion of the wetting front at various depths and times. In Part B, at each of the 8 experimental stations the emitter was repositioned so that there was a horizontal separation of 25 cm from the drip line to the centreline of the Enviropro probe. In this way, it was possible to measure how long it took for the wetting front to reach a radius of 25 cm at various soil depths (5, 15, 25, 35 and 45 cm). There have been various studies into wetting patterns and their calculation. In particular, the equations of Philip (1984) have been found to give good predictions by Revol et al. (1997) and Thorburn et al. (2003) , and a useful computer application was developed by Cook et al. (2003) .
For the purposes of this experiment, the horizontal infiltration distance was calculated by approximating the wetted soil profile as a prolate ellipsoid, in which case the lateral radius increases as the cube root of the elapsed irrigation time. In this manner, the dripper profile at any point in time (3 h was used in the experiment) can be derived from the time taken to reach a radius of 25 cm (at various depths) and the results correlate well with the solution of Revol et al. (1997) . Since any approximations apply equally to A.M. and P.M., the profiles can be directly compared and contrasted.
Data analysis
A randomised block design (Quinn and Keough 2002; McKillup 2012 ) provides a means of isolating treatment effects from spatial variations. In this experiment, each station within the experimental block comprised a drip emitter/probe pair, and the treatment factors-A.M. or P.M.-were applied randomly, with each station receiving one treatment. Hence, a complete experimental replication comprised all eight stations, with half (randomised) receiving A.M. irrigation and the other half P.M. irrigation (Table 1 ). There were four replications conducted (each with a different randomisation), and an analysis of variance (ANOVA) was run on the 32 result sets. A paired sample t test (McKillup 2012) is intended for experiments where the same variable or variables are measured on each experimental unit under two different conditions. The greatest spatial variation between the stations in this experiment was due to soil characteristics, vine roots, worm channels, rocks and antecedent moisture content. By using a paired t test, comparing the difference of the results between consecutive replications for each unit, elimination of the soil-related differences could be achieved. The null hypothesis in this case is that the difference between the values of the two replications at each station is zero.
Inclusion of such a paired t test was made possible by having each alternate replication pattern as the inverse of the immediately preceding one; hence, for example, if the first replication irrigated station 3 at 06:00, then the second replication irrigated it at 14:00, and this design is shown as part of Table 1 .
All data analyses were performed using Minitab© statistical analysis software (Minitab Inc. 2016 ).
Results and discussion Part A: Irrigation efficiency
Diurnal soil temperatures
For a typical day during the experiment, the fluctuations in soil temperature over a 24-h period are shown in Fig. 4 , with corresponding values in Table 3 . Note that the experimental runs were only made on sunny days where there was little or no cloud cover (the 5th, 14th, 24th and 30th December 2015).
Soil temperatures during irrigation
The mean temperature of the irrigation water being applied was in the range of 18 °C (at 06:00) and 21 °C (at 14:00) and, as it moved downward from the soil surface, it transferred heat to or from the soil at each depth, subsequently transporting it to lower depths.
At 06:00, the surface soil temperature was beginning to rise and the effect of applying 18 °C irrigation water was simply to slow the rate of heating, as shown in Fig. 5 .
At 14:00, the soil surface temperature had typically reached 49 °C or more (Fig. 6 ) and, during the P.M. irrigation, part of this heat was transferred to the 21 °C irrigation water, which then transported the heat downward to lower levels in the soil as it infiltrated downward. The result was that the soil surface cooled quite rapidly to 35 °C within the first 40 min of irrigation and thereafter continued cooling to reach 30 °C by the end of the irrigation period. The infiltrating water at 5 cm depth in turn cooled the soil to a temperature similar to the surface temperature. However, at 15 cm depth, since the initial soil temperature was 25 °C-cooler than the infiltrating water by the time it reached that depth-the result was that the soil at 15 cm increased its temperature from 25 to 28.2 °C by the end of irrigation. These changing temperature fluxes at all levels had a significant effect on both the infiltration speed and on the final moisture content at the various depths. Figure 7 shows the mean vertical infiltration times of the eight stations over four replications. Over the range of soil depths investigated in this experiment, the downward infiltration progressed quite quickly, reaching 35 cm after a mean time of 42 min. The experimental hypothesis was that the time (and hence the water volume) taken to reach 35 cm depth should be the same for both A.M. and P.M. Figure 7 shows that the P.M. irrigation resulted in infiltration that was slightly more rapid at all depths than that of A.M. A one-way ANOVA was run to compare the effect of time of day (A.M. and P.M.) on the time to infiltrate to 35 cm and hence the volume of drip irrigation water needed to be applied to reach that depth. The ANOVA showed that, at the p < 0.05 level, there was no evidence to suggest any difference between the A.M. and P.M. means [F(1, 37) = 1.0, p = 0.323], and that the amount of water needed to be applied to reach a depth of 35 cm at 06:00 compared to 14:00 was the same.
Infiltration
With regard to near-surface depths though, the situation was different. For 5 cm depth, there was actually less water needed to reach that depth at 14:00 than at 06:00, with a one-way ANOVA showing a difference at the p < 0.05 level between A.M. and P. The soil moisture content increased at each depth as the wetting front progressed downwards. The most noticeable difference between A.M. and P.M. moisture content (Fig. 8 ) was that there was a more rapid build-up at the 5 and 15 cm depths during P.M. irrigation, and that the final moisture contents at those depths were also higher, for example by 9% at 5 cm depth. More importantly, the incremental moisture content immediately after irrigation (that is the final moisture% − initial moisture%) was higher by 18% at 5 cm and 9% at 15 cm by P.M. irrigation compared to A.M.
Moisture redistribution after irrigation
Following each irrigation, the soil moisture contents were monitored as moisture redistribution and soil drying occurred over the following 72 h (measured from the respective irrigation start times). As shown in Fig. 9 , immediately after irrigation the peak moisture contents at 5 cm and 15 cm depths were higher for P.M. irrigation compared to A.M., which seemed both surprising and counterintuitive. A paired sample t test showed this difference was significant at the 95% confidence level for both those depths, with the results at 5 cm depth being [A.M. Much of this initial difference in peak moisture between A.M. and P.M. was retained during all periods throughout the ensuing 72 h at those depths. Even though the rate of soil moisture loss is generally higher at higher soil water content, Fig. 9 shows that this factor is not significant, as the difference between the moisture levels at 5 cm depth after 24 h is similar to that immediately after irrigation. At greater depths than 15 cm, there was no significant difference in either peak moisture content (A.M. compared to P.M.) or in the retained moisture after 72 h.
Part B: Horizontal wetting
The wetted profile of drip irrigation comprises both vertical and horizontal wetting. With regard to this experiment, even if there was no difference in vertical infiltration by A.M. irrigation compared to P.M., there could be a difference in the respective horizontal spreads. This would result in a difference in the wetted profile and/or its volume A.M. and P.M. The extent of horizontal wetting was measured as a Part B of the experiment (Fig. 10) . This shows that, at depths 15 cm and greater, there was no apparent difference in the wetted radius after 3 h of irrigation (between P.M. and A.M.) and that the wetted profile was similar at those depths. For example, at 25 cm depth (the point of maximum wetted diameter) an ANOVA showed there was no evidence to suggest a difference between A.M. and P.M. [F(1, 22) = 0.11, p = 0.743]. With A.M. application though, there was a significant 'flaring' at the soil surface and down to 5 cm depth, when compared to P.M.
Overall diurnal effect on efficiency
Many growers in the USA traditionally irrigate during predawn or early morning hours (Warren and Bilderback 2001) and, anecdotally, the practice appears to be similarly widespread in Australia. With regard to existing research studies regarding irrigation scheduling, it is rare to find any reference to the time of day of scheduling.
The experimental results of the current investigation have shown that there is no evidence that the efficiency of drip irrigation is affected by the time of day at which it is applied. This means that for deep-rooted crops such as grapevines, irrigation scheduling can be completely flexible-scheduled at any time and not be limited to night time or cooler periods of the day. This is important for minimising the total elapsed time required for irrigating a vineyard, especially for capacity-constrained irrigation systems or heat wave conditions where a water application needs to be completed quickly. The results showed that, at more shallow depths, there were significant beneficial effects from irrigating in the afternoon (as compared to morning)-the peak moisture content achieved by the irrigation was higher and the amount of moisture retained over the ensuing period (for example the next 3 days) was also greater. This is analysed and discussed in more detail in the following sections. 
Diurnal effects on infiltration dynamics
Temperature, liquid and vapour fluxes
The soil surface temperature varied widely in a daily cycle, reaching peaks of 50-65 °C or more in the early afternoon and falling to 10 °C or less overnight. At depths of more than 45 cm or so, the temperature was stable from day to day (Fig. 4) . This meant that there were very strong heat fluxes over the first few centimetres of soil depth at particular times of day; the flux changed throughout the day; and there was a temperature 'wavefront' that slowly proceeded downwards through the soil through the hotter parts of day and into the evening.
The transfer of heat in soil is due to radiation transfer (important just at or near the soil surface); convective heat transfer (caused by the water percolation through the soil, especially where there are large differences between the soil temperature and water temperature, such as the P.M. irrigation in this experiment); and conduction (which occurs when liquid water is converted to water vapour through evaporation or condensation processes in the soil). Deb et al. (2011) found that surface energy components and contributions due to heat conduction, convection and vapour transfer were more pronounced with irrigation, and differences between thermal profiles of wet and dry soil conditions before, during and after irrigation were due to the latent heat exchanges. As can been seen from the above, the application of cool irrigation water into a hot soil layer will result in quite different infiltration dynamics depending on the soil temperatures, the temperature gradients between depths and the difference between the temperature of the irrigation water and the soil temperature, and the combination of these factors is reflected in the experimental results between A.M. and P.M.
Soil vapour movement
The transport of moisture in the soil by evaporation and then by re-condensation can be a significant contributor to the net moisture movement in the soil and, because of the large latent energy needed to vaporise water, the water vapour transports a significant amount of energy as it evaporates and re-condenses . Since vapour pressure is related to the soil temperature (Jury et al. 1991) , water vapour will be transported from regions of higher temperature to those of lower temperature-meaning that at some times of the day the temperature gradient will result in this vapour migration being downwards rather than upwards, and not necessarily out through the soil surface to the atmosphere above. Because the soil temperature and heat flux at shallow depths follow a daily cycle with a peak each afternoon, there is a corresponding diurnal variation in water and vapour movement-both in magnitude and direction-and evaporation. The heat flux varies with both depth and the time of day, so the corresponding temperature gradient continually changes in intensity and direction. For example, at night when the shallow soil temperatures become lower than those at greater depths, water vapour in the soil will be transported towards the surface, and in the afternoon the reverse applies and it will tend to move further downward into the soil (Fig. 11) . Zeng et al. (2008) found that the thermal water vapour and liquid flux were dominant in uppermost soil layer at night, whereas the isothermal liquid water dominated during the day and in the deeper soil layer and this is evident in Fig. 11 . This situation was also investigated by Saito et al. (2005) who found that at noon, even though a large downward thermal water vapour flux occurred due to a large downward temperature gradient, the isothermal liquid water and water vapour fluxes are upward because of an upward pressure head gradient.
As reported by Parlange et al. (1998) , there has never been a satisfactory reconciliation of the Philip and De Vries (1957) theory of water vapour movement in soils with the short-term field observations subsequently made by others (Rose 1968; Jackson et al. 1973; Cass et al. 1984 ) who found that the vapour flow is perhaps an order of magnitude larger than the theory predicts. Wierenga et al. (1969) reported that 40-60% of the heat flux in the top 2 cm of a bare field soil, and up to 20-25% of the total heat flux at 25 cm depth, was due to water vapour flow and Grifoll et al. (2005) showed that for a near-surface dry soil layer, diffusion and dispersion of water vapour are the significant water transport mechanisms.
In this experiment, during irrigation the temperature of the initially cool irrigation water itself changed as it travelled downward through the soil, gaining or losing heat depending on the temperature of the soil at each depth, and transferring that heat to (or from) the soil at lower depths, causing the heat flux in the soil to be modified rapidly and substantially. As the soil probes recorded temperature and moisture values at each depth every 5 min during the irrigation, the corresponding temperature and moisture gradients between each depth can be calculated. These gradients are not the same as thermal and isothermal fluxes, but it is reasonable to relate the temperature gradient to the thermal liquid and vapour fluxes, and the moisture gradient to the isothermal liquid and vapour fluxes which are shown in Fig. 11 .
Infiltration
From the previous sections, it can be concluded that the rate of infiltration from irrigation (for any particular soil characteristics) will be determined primarily by the soil temperature and moisture gradients, the differences between those A.M. and P.M. and, importantly, the manner in which they change during the irrigation period itself. The experimental results are discussed in this context below.
(a) Temperature changes during A.M. irrigation. At 3 cm depth, there was initially a downward temperature gradient which increased as irrigation progressed because of the rising soil surface temperature, as shown in Fig. 12 . At 10 cm depth, the temperature gradient was initially slightly upward and this changed over the irrigation duration to become slightly downward because of the increasing soil temperature above that depth. The overall effect was that moisture contents at all depths increased steadily during the period of irrigation (Fig. 14) . (b) Temperature changes during P.M. irrigation. The temperature gradients and their effects were more complex in this case (Fig. 13 ) and combined to result in the peak moisture contents at depths up to 15 cm being higher with P.M. irrigation than with A.M.
It can be seen that, at the start of irrigation, because of the initially high soil surface temperature, there was a very strong downward temperature gradient at 3 cm depth. This gradient decreased rapidly during irrigation, because of the cooling effect of the colder irrigation water at the soil surface and as it percolated downward, halving in value within 20 min of irrigation and thereafter continuing to decline to nearly zero after 40 min. At 10 cm depth, there was initially a slight downward gradient, but this reduced steadily to zero over the irrigation period, again through the cooling effect of the infiltrating water. When P.M. was compared to A.M., it can also be seen that the gradients at 10 cm depth were in opposite directions.
The overall effect was that, at the start of P.M. irrigation, there was initially a rapid downward movement of water (liquid and vapour) due to the strong downward heat flux, but this then slowed as the temperature gradients reduced at shallow depths. It is hypothesised that this caused a more rapid build-up of moisture content at the 5 and 15 cm depths compared to the A.M. situation at the same elapsed time (as shown in Fig. 8 ) and was a contributing factor to the peak moisture contents at those depths being higher with P.M. irrigation.
Even though the experimental design could not directly measure non-isothermal liquid and vapour fluxes, the moisture gradients and the changes in those were measured. During A.M. irrigation, the moisture gradient at 3 cm depth (Fig. 14) increased rapidly downward in the initial 10 min of irrigation and thereafter declined slowly over the remaining irrigation. At 10 cm depth, there was an upward moisture gradient which did not change significantly, but at greater depths moisture gradients were close to zero. The situation during P.M. irrigation was very similar to that of A.M. (Fig. 15) .
Since the overall moisture gradients were similar for both A.M. and P.M. and were dominated by the strong and varying temperature gradients, it was concluded that the moisture fluxes were not a significant contributor to differences between the A.M. and P.M. results. This finding also reinforced the view that antecedent soil moisture was not a significant factor in the experimental design.
This field experiment showed that there are a complex series of factors which change dynamically over the period of irrigation, particularly the effect of cool irrigation water into a relatively hot soil and the role of the irrigation water in the Fig. 11 Schematic illustration of the variation (in direction and depth) of liquid and vapour fluxes between a night to early morning and b through the daylight hours. q LT thermal liquid, q VT thermal vapour, q LH isothermal liquid, q VH isothermal vapour. The figure is from Zeng et al. (2008) . With permission heat transfer, and a follow-up 3-D computer simulation would be worthwhile in order to better understand these dynamics.
Horizontal spread
The results showed that the horizontal spreading of irrigation water, and hence the shape of the wetted profile, was the same for both A.M. and P.M. at depths of 15 cm and greater. However, there was an effect at depths up to 15 cm, with A.M. watering having a significantly greater horizontal spread than P.M. (Fig. 10) . This can be explained by that fact that the temperature fluxes in the P.M. were directed strongly downward rather than horizontally, whereas in the A.M. any downward soil temperature fluxes were initially small and similar in magnitude to those in a horizontal direction, and these resulted in a higher proportion of lateral spreading. The greater A.M. near-surface horizontal spread would also result in some reduction in the soil moisture content at those depths, since the same amount of applied water was being distributed through a larger soil volume compared to P.M.
Effects on redistribution and drying
For grapevines and other deep-rooted plants, even though P.M. irrigation increases the soil moisture content at shallow depths compared to A.M., this is of limited benefit to such crops. However, the situation is different for shallow-rooted crops such as salad vegetables (cucumbers, lettuce, tomatoes and the like) which have, in the past, largely been watered by sprinkler or furrow irrigation. For example, spray irrigation is still the principal irrigation type for salad crops in the UK (Doyle and Erickson 2008) . There are a growing number of cases of food contamination worldwide by pathogens such as Escherichia coli and Salmonella with outbreaks linked to lettuce, spinach and tomatoes (Heaton and Jones 2008) . Groundwater, surface water and human wastewater are commonly used for irrigation, and poor-quality water is one way that fruit and vegetables can become contaminated (Steele and Odumeru 2004) . There is an increasing trend to use drip irrigation, either surface or subsurface, as a means of both increasing water use efficiency and minimising the transfer of pathogens to the leaves or fruit (by reducing or eliminating splashing, for example).
The current experiment identified some opportunities to improve drip irrigation scheduling for shallow-rooted crops such as salad vegetables, with associated water savings. For crops such as tomatoes, it has been shown by Warren and Bilderback (2002) that applying water at the time of the day when photosynthesis is highest also increases yieldirrigation at midday or in the P.M. produced a 46-56% greater top dry weight than earlier morning irrigation. The current experiment showed that, at depths down to 15 cm, there is an increase in peak moisture content with P.M. irrigation (as compared to A.M.) and that the effect also carries forward over the subsequent days as the soil dries (Fig. 9) . This has the potential to be applied to irrigation scheduling for salad vegetables and similar crops, which typically only require irrigation to these shallow depths, to both increase yield and reduce the amount of irrigation water required. For example, by directly applying the experimental results of the rate of drying after irrigation at 5 cm and 15 cm depths (the data shown in Fig. 9 ) to create an irrigation schedule (Fig. 16) , the interval between irrigations can be increased from 6 to 8 days by simply switching to P.M. irrigation rather than A.M. (providing that there is appropriate emitter spacing). This change would still keep the soil moisture content between 20% and FC at all times, but could potentially reduce the water use by up to 25%. Of course, since the experiment was conducted on a bare site without plant transpiration, the irrigation frequencies shown in Fig. 16 need to be modified for cropping situations with their associated transpiration. By using the same data (Fig. 9) , but also applying an arbitrary cropping factor (which has the effect of reducing the soil moisture levels more rapidly from day to day), a hypothetical irrigation schedule can be calculated (Fig. 17) which shows that the interval between irrigations could be 3 days (for A.M. irrigation) and 4 days (for P.M. irrigation), respectively. This demonstrates that there is still a 25% potential saving in the total water usage while keeping the soil moisture in the range of 20% to FC (that is irrespective of the amount of plant transpiration, the relative improvement in scheduling by moving to P.M. irrigation rather than A.M. remains constant).
Conclusion
The experiment showed that, for the soil depths relevant to field crops such as grapevines, drip irrigation efficiency is not affected by the time of day of watering, that is, that there are no diurnal effects. For drip irrigation, the belief that irrigation should not be applied in the heat of the day is not supported by the results of this study. This means that, for deep-rooted crops, drip irrigation scheduling can be completely flexible, can be conducted equally efficiently at any time of the day or night and not be limited to cooler periods of the day. This is important for minimising the total elapsed time needed to irrigate a large vineyard, especially where there are capacity constraints on the irrigation systems. At shallow soil depths, down to 15 cm, irrigating at 14:00 resulted in a higher peak moisture content being reached (a 9-18% increase in moisture added) and much of this difference persisted over the following 72 h of moisture distribution and soil drying. The 8 day interval at 14:00 (5cm) 6 day interval at 06:00 (15cm) 8 day interval at 14:00 (15cm) Fig. 16 Differences in the interval between successive irrigations, due to watering at 14:00 compared to 06:00, bare soil conditions and without plant transpiration (typically 8 days compared to 6 days) shape of the wetted soil profile was also investigated and showed that, even though the time of day of irrigation had no effect on the radial wetted distance at depths of 15 cm and greater, at near-surface depths A.M. irrigation did result in a greater wetted radius.
These findings regarding the benefits of P.M. irrigation at shallow depths suggest that they have the potential to be applied to irrigation scheduling for salad vegetables and similar crops, which typically take up most of their plant water from depths <25 cm. By irrigating in the afternoon, rather than early morning, the frequency of irrigation could be reduced without impacting soil moisture content in the rootzone, resulting in significant savings in irrigation water. At the same time, the crop yield could potentially be increased through better matching of moisture availability with daily peak photosynthesis periods.
There are opportunities for further research, in particular by using 3-D computer simulations to model both the diurnal effects (considering heat, water and vapour flows) and the irrigation dynamics (resulting from the application of cool water into a hot soil) and also to further investigate the potential of P.M. irrigation for shallow-rooted crops.
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